E _RELATIONSHIP BETWEEN RECENT MEASUREMENTS

OF COSMIC RAY ELECTRONS, NON-THERMAL RADIO

EMISSION FROM THE GALAXY AND THE SOLAR gﬁg‘

MODULATION OF COSMIC RAYS
\X/L?/ by
AV,

W W. R. WEBBER

School of Physics and Astronomy

University of Minnesota
Minneapolis, Minnesota.
January 1968

ADP 43

THE UNIVERSITY OF ADELAIDE

DEPARTMENT OF PHYSICS

&
v B l
7

=

§



ON THE RELATIONSHIP BETWEEN RECENT MEASUREMENTS

OF COSMIC RAY ELECTRONS, NON-THERMAL RADIO

EMISSION FROM THE GALAXY AND THE SOLAR

MODULATION OF COSMIC RAYS*

by

W. R. WEBBER*

School of Physicecs and Astronony
University of Minnegota
Minneapolis, Minnesota.

January 1968

ADP L3

*Currently at the University of Adelaide, Adelaide,

South Australige—— ez

.
0

*Research supported by} NASA Grant NSG-281-62, -

_____
U

January 1968.



ABSTRACT

Utilizing recent measurements of the cosmic ray electron
spectrum at the earth and the effects of solar modulation on
this spectrum we have determined possible limits on the local
interstellar electron spectrum., Synchrotron emission from
these interstellar elestrons is then compared with the local
(disk) volume emissivity of non-thermal radio emission as
deduced from a study of radio intensity profiles along the

. s
galactic equator. The detailed spectruﬁ and magnitude of radio
gmissivi?y can be reproduced from the electron spectrum only
for very stringent.conditidns on the magnitude of the local
interstellar magnetic field, and the amount of solar modulation
of cosmic rays. Specifically it is found that B, » 7uG, and the
residual modulation parameter KR & 0.75% BV, If solar mod-
ulation effects on the cosmic ray electron component are
negligiblemthen an implausibly high loeal field = 20 uG is
requifed.

If the local interstellar electron spectrum which best
reproduces the spectrum of local radio emissivity
isﬁéohparﬂd;w&ﬁkjthg electrons expected as secondaries from
cosmic ray collisions in the galaxy, it is found that most

electrons §‘500 MeV may originate via the secondary mechanism

rather than be directly accelerated as are the higher energy



electrons.

Adaption of this local interstellar electron spectrum
which is quite different from that at the earth also greatly
nodifies the interpretation of the effects of interstellar
absorption by ionized hydrogen on-the low frequency end of the
radio spectrum. Emission measures of <O;5cm-6pc, 200m—6pc
and lOBgm-Gpc are found in the polar, anti-centre and
galactic center directions respectively. These %alues are
substantially below earlier estimates and would seem to rule

out the existence of a large H region about the sun, for

IT
example. ‘
Finally we note that the interstellar intensity of

cosmic ray nuclei above 30 MeV deduced using a residual
modulation constapt = O.75NBV is inadequate by two orders of
magnitude to produce the required heating of interstellar

II

nust be caused by a low energy component with a very steep

H cloudg. If this heating is produced by cosmic rays it

spectrum. . It is argued that such ancampqnent‘might:arisewfrom

cosmic ray emission from solar type stars in the galaxy.



Introduction

In this paper we propose to re-examine the familiar
comparison between data on primary cosmic ray electrons
and non—thermal radio emission from the galaxy. This
study is made in the light of recent measurements of the
extra-terrestrial elegtron‘intéﬁsity near the earth in the
energy range 15-200 MeV (Jokipii, L'Heureux and Meyer, 1967;
Webber, 1968> which indicate a mﬁch lowef intenéity than |
heretofor assumed.” In addition the first measurements of
solar-modulation effects on the electron component have
recently been carried out (Webber, 1967, L'Heureux et. al.,
1967). These measﬁrements enable useful limits on the
electron spectrum in the loecal region of interstellar space
to be deduced from the spectrum observed neér the earth,

The significance of this eitrapolation lies in the
fact that the interstellar electron spectrum can then be
related via ﬁhe synchrofron process to the non thermal
radio emissivity/of nearby space. In this approach our
study differs importanti& fréﬁ most earlierhattempts which
have compared the measured electron spectrq? %?_earth (usually
without any consideration of solar modulation effects)Awith
the radi& emission which is assumed to emanate from the
galactic halo, inferring a chara;teristic halo magnetic

field in the process. It is clear that a comparison



-0 -
with the local radio emissivity is much more relevant

asnd this meparisonjis;greaﬁly facilitated by signif-
icant new measureﬁents of the features of non~£hqrma1
radio em1381on from the galaxy. In order to determine

the local radio. emi551v1%y it is necessary to utlllze
both high and low resolution radio measurements to
determine the relative importance of emission from the
galactic disk, the halo, and from eutside %he galaxy..
Satellite and ground based observations have now defined
the polar radio spectrum in the 1-10 MHz range, and
measurements of the Hobarﬁ group have defined the disk
comppﬁent for all but the lowest frequencies. At higher
frequencies the work_of the Cambridge group has been
conmpletely revised and extended.

The comparison between the primary electron

spectrum and the non-thermal radio spectrug hags important
consequences with regard to the solar modulation of cosmic
rays. It is generally accepted that eveﬁ at the time of
ninimun solar activity there rgpains an appreciable resid-~
ual solar modulatlon for the nucleonlc components of the
cosmic radiation. Even though there is much more accurate
information on the solar modulation of nuclei than for
electrons itEis not possible ét the ﬁresent time to

determine the magnitnde of the residual modulation fron
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these studies. As a result, differences of a factor of
1000 exist in the extrapolated intensities of‘cosmic 
ray nuclei! (compare Durgaprasad et. al., (1967) and
Balasubrahmanyan et. al. (1967)).

On.the other hand the eompariéon between the
prigary electron spectrum and the non-thermal radio
speetrum provides important constraints on the magnit-
ude of the electron modulation. This, in turn, may be
used to set limits on the modulation of nuclei. A
comparison of the modulation experienced by electrons
and by nuelei will allow one to distinguish between
contributions due to rigidity and velocity depenéent
modulation and hence lead to definitive conclusions
regarding the mechanism and magnitude of thevsolar
nodulation.

We now summarize the approach to be used in this
paper. ‘

(1) The electron spectrum measured at the earth
in 1966 will be presented. This spectrunm
is now quité accurately known between about

5 MeV and 6 BeV energy.

(2) The effects of solar modulation on this spectrum will
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be disecussed., Although major uncertainties:still exist in our
knowledge of the magnitude and energy dependence of this modul-
ation, sufficiently accurate limits on the interstellar electron
spectrum can be set to enable a useful comparison with the non-
thermal radio emissione.
(3) The demodulated (interstellar) electron spectrum will then
be reléted tos
(2) The calculations of "secondary" electrons produced by
cosﬁﬁc ray nueclei moving in thé galaxy. . An attempt will be
made to separate the so-called "primary" and "secondary"
components of electrons as a function of energy.
(b) fhe observations of non-thermal radio emission as
deduced for the locél region of the disk. Crucial to this
comparigson is the strength of the local galactic magnetic
field. Certgin limits as to the strength of this field

will be obtained.

THE PRIMARY ELECTRON SPECTRUM

The measurements on the primary electron spectrunm
appropriate to 1966 are summarized in Figure 1. Our measure-
ments (Beedle and Webber, 1967) and those of L'Heureux (1967)
are seen to be in excellent agreement over the energy range

200 MeV to 6BeV over which range the electron spectrum can be
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represented by

aj (L0 + 2)x10*  electrons
dE .ﬁ1ﬁ55Ai 0.1 m* ~ster=sec~MeV

Similarly our work and that of Cline et. al. (1964) in the energy
range below 20 MeV are gonsistent. In this energy range there

is considerably more.uncertaintyvfegardihg the speetrum, however.
A spectrum embracing all méaSurements can be represented by

aj (5 + 2)x10? ~electrons

.
—— -

dE B

1. .
8+ 0.2 m® ~ster-sec

The derivation of the speetrum in the 20-~200 MeV range has been
discussed in two reecent publications, (Webber, 1968; Jokipii,
L'Heureux and Meyer, 1967). It is in this energy range that a
significant kink in the electron spectrum occurs. This kink is
apparent in both measurements. It plays a crueial role in our
subsequent comparison of the electron speectrum with the non-
thermal radio emission.

At least three measurements of the elegitron spectrum above
10 BeV presently exist. (Bleeker et. al. 1967; Daniel and
Stephens, 1967; and Danjo et. al. 1967). We regard the integral
measurement of Daniel and Stephens above 16 BeV as the most
reliable =~ since the energy is defined accurately by the well
known geomagnetic gut-~off, Assuming a differential spectrunm
J(B) ziKe/Ez.h above 16 BeV allows us to plot the Daniel and

Stephens point as is shown in Figure 2. The measurement of
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1'Heureux (1967) does not give an integral flux above the high-
est differential energy interval, however, Beedle and Webber
(1967) obtéin a flux of 4,5 & 0.5 electrons /ma—ster-sec above
6 BeV., Comparing this integral value with the integral value
obtained by Daniel andeteﬁhens at the eqﬁator allows us to
obtain the differential flux in tﬁe 6=16 BeV interval-as shown.‘
in Figure 2. It is evident that é simple extension of the
spe@trum!measured below 6 BeV will not fit the data at higher
energies., The dashed line in Figure 2 is our best estimate
of the speétrum between about 6 and 25 BeV, Thus it appears

that there is a change of slope in the primary electron spec-

trum at ~6 BeV, - and between 6 BeV and 25 BeV

1.6x10° _electrons

e
=

ad
dE

Ez”h’ n? ~ster-sec=MeV

The occurrence of such a break, arising as a result of

the degradation of the high energy part of electron spectrum
through the’interaction-with thé coémic 30 bliack body radiation
has been the subject of nuech discussion since the original
observations of Daniel and Stephens (1966). It is not our
purpose here to add further speculation to this question. As
will be seen. later the rgdio evidence for such a break is at
least partially obscured by radio emission from this 3° radiat-
ion itself above 1000 Mhz. We present our best estimate of

the high energy part of the electron spectrum so that the
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effects of solar modulation on the spectrum at low energies may

be more fully appreciated.

SOLAR MODULATION OF ELECTRONS AND THE

INTERSTELLAR ELECTRON SPECTRUM

In order to gain some insight into the problem of the
solar modulation of electrons let us briefly summarize the
current situation with regard to the modulation of cosmic ray
protons. For these particles the generally recognized form for
the modulation may be written (Nagashima, Duggal and Pomerantsz,

1965).

n(ro) K

2w (2)

n (o)

where n(ro) and n(o) are the densities of cosmic rays at the
earth and in interstellar space (outside of the region of
solar modulation) respectively. The guantity D is the diffus-
ion coefficient deécribing the motion of the particles in the
solar magnetic fields that permiate interplanetafy space.
KR is a gquantity relafed most directly to the bulk outwa?d
velocity of the solar plasma (the solar wind) and to the
extent of the region of modulation about the sun. D is
dependent on the rigidity and species of the particle in

question but KR is independent of these parameters. D can and
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has Been accurately evgluated over a wide range of rigidities
by studying the rigidity dependence of the proten and helium
variations. The experimentél results and theoretical predict-
ions are in reasonable accord on most points (Webber, 1967).
It has not yet been possible to evaluate the abso;ute value
of Ky experimentally (and therefore the total modulation
existing between the earth and interstellar space) - although
various limits ¢an be set on the basis of theoretical models
(eeg+ Quenby, 196%)« Generally the values of Kp obtained in
this way are ~o.55(BV). It is also possible to estimate
KR by making’aertain assumptions regar&ing the similarity of
the demodulated (interstellar) proton and helium spectra.
Values of KR obtained in this way have ranged:from <0.5 to
as large as 2.5 BV (Balasubrahmanyan et. al. (1967)).

Consider particles with an "effective rigidity" of 0.2
BV = D (200 MeV electrons, 22 MeV protons)., Then if we accept

residual modulation parameters K, as large as 2BV, the intensity

R
of particles of this particular rigidity in interstellar space
is explo or ZxIOL times that at earth! It is evident that

uncertainties in the value taken for K, lead to even greater

R
ungertainties in the interstellar cosmic ray flux. Recently
Gloekler and Jokipii (1967) have summarized all evidence and
 introduced arguments of their own to suggest that the best

Vvalue for KR is 0.9 BV, ﬁith it extremely unlikely that KR is

greater than 1.2 BV.
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To actually perform the corresponding demodulation of the
electron spectrum we require a knowledge of the rigidity
dependence of the elegtron modulation itself, that is the
effective diffusion coefficient for electrons. Two rather
sharply divergent measuréments of the electron modulation
presently exist. Our own measurements (Webbver, 1967) covering
the rigidity range 0.3%3-2 BV, give an electron modulation which
is the same order as that for protons at the same rigidity.
Below 0.3 BV we have suggested that the effective electron
modulation is independent of energy, in keeping with a change-
over to a purely velocity dependent modulation, which has been
observed for protons of these rigidities (ormes and Webber,
1968). L'Heureux et. al. (1967) can find no evidence for solar
modulation effects on the electron component and as a result
set an upper limit of ~ 0.2 for the ratio_of the electron/
proton modulation at the same rigidity in the range 0.3-1 BV.

In Figure 2 we show the extrapolated interstellar electron
intensities using our measurements of the solar modulation
effects and values of Kp = 0.6 BV and 1.0 BV. If the modul-
ation measurements of L'Heureux et. al. (1967) are used
then the interstellar electron intensity is virtually the same

as that measured near the earth in 1966, even for residual
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modulation parameters as large as 1 BV.

As g result, there exist two rather clear cut limits on
the possible interstellar electron spectrum -~ depending on which

modulation is assumed for the electrons.

COMPARISON OF ELECTRON SPECTRA WITH CALCULATIONS OF "SECONDARY"

ELECTRONS PRODUCED IN THE GALAXY

éﬁo candidates have been proposed for the source of the
energetic electrons that are observed near the earth. They
are: (l) Collisions of cosmic ray nuclei with interstellar
material with the subsequent production of II-mesons and decay
muons and electrons, and (2) direct acceleration, presumably,
although not necessarily, in the source regions which also
accelerate the cosmie ray nuclei. The intensity of electrons
from the first mechanism, known as secondary electrons, can
and has been calculated using data on the cross seetions and
multiplicities for [-meson production and independent estimates
of the amount of interstellar material that the cosmic ray nuclei
have. traversed. An analysis of this problem using contemporary
: estiﬁates of the relevant quantities has been carried out by
Ramaty and Lingenfelter (1966). Their estimates of this
secondary electron spectrum for the limits that the energetic

cosmic ray nuclei have passed through 3 and 6%/cm® of material
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are shown in Figure 2. A comparison of these calculations
with the electron spectrum measured at earth and that estim-
ated to exist in interstellar space is illuminating. First
we oﬁserve that the commonly referenced situation wherein the
observed electron intensity is much greater than the predict-
ed "secondary" flux, thus suggesting another source for these
particles, is certainly evident above 1 BeV. However, below
500 MeV {the measured intensity of electrons at earth is
actually less than the secondary source. Between 30 and 150
MeV this deficiency is a factér o;f‘A5°

If the calculated “"secondary" intensities are now com-
pared with those deduced for interstellar space we find the
two are comparable at energies <200 MeV, if the electron
modulation measured by Webber, 1967 is used.

If the electron modulation measurements of L'Heureux
et. al. (1967) are taken then the intersteliar electron
flux in the 30-200 MeV is inadequate by a factor of at least
3, to account for the expected secondary electron intensity.
It would be necessary to assume that energetic (> 1 BeV/nuc)
cosmi¢ ray protons have travelled through ~1g/cm? of inter-
stellar material in order that the calculated secondary
intensity agrees with the extrapolated interstellar electron
intensity. The best value for energetic (>1 BeV/nuc)

heavier cosmic ray nuclei, obtained using measurements of
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the abundance of Li, Be and B nuclei is 4.5 & 1 g/cm2
(Shapiro and Silberberg, 1967). We believe that it is
reasonable to assume that the amount of material traversed
by protons and heavier nuclei is the same and that a substant-
ial amount of solar modulation is affecting tﬁe low energy
electrons observed at the éarth.

We will see that a comparison of the low energy inter-
stellar electron intensity and the local low fregquency radio

emission also suggests that substantial modulation of the low

energy electrons must be occurring.

RELATTION BETWEEN ELECTRON SPECTRUM AND NON-THERMAL RADIO

SPECTRUM

The synchrotron mechanism is generally considered to be
responsible for most of the non-thermal radiation from our
galaxy. Several authors (Schwinger, 1949; Oort and Walraven,
1956) have discussed the theory of synchrotron radiation and
have presented the necessary formulae. We shall present them

here only insofar as they are relevant to our analysis.

A relativistic electron gyrating in a magnetic field

generates synchrotron radiation at a rate PTOT: 6x10-28
2 _2 . . . .
E- B, ergs/sec where E is in MeV and B, the perpendicular

component of the magnetic field, is in microgauss. The spectral

distribution of this radiationis characterized by a freqguency
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-5.2
v, (MHz) = 1.6x10 “E°B,

with B, again in 4G, and E in MeV,.

The actual spectral distribution of power emitted by a

single electron is given by

ap _29
- = 2,3%10 ““F(a)B, ergs
v 1 /sechHz

X = (” >. F(2) has been tabulated (Westfold, 1959) and

———

v 1
. . . v ;]
is found to have a maximum at qm~0.5 decreasing as ( )
: v

v . . .
for ( ) <<1 and in an exponential fashion J’:‘or}%—->>1.c In
v c

actual © fact the frequency at which maximum power is emitted

Suppose now there exists a differential spectrum of

electrons given by

j(B)aE=

M'N
Blo

then the volume emissivity of synchrotron emission per unit

frequency interval is given by

e@w) = ¥ = [ dﬁ:f”%gl' n(E)dE ]

dv 47 E

Where: n(BE)XE is the density of eleetrons in the energy interval

E to E and dE. The intensity of synchrotron emission along a

particular line of sight is
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R

I(v) =‘[ e (v)dr
o
where the extent of the radiating region is given by R.
Usually to obtain I(v) a number of éssumptions are made:
(1) The electron distribution is isotropic and n(E) is
constant over the region of integration: (2) The magnetic
field isAdisordered or chaotic. ‘It is also frequently
assumed that all the emission takés place at the characteristic
frequency Voo In thié instance the spectral form of the

enission takes the particularly simple form

I(w)~ v

where y is related to the electron spectral exponent by

Y. = 152 (for v>vc). The intensity of emission at a particular
frequency is related to the magnetic field strength B, through
the electron spectrum by

{m s+ 1)

2
I(v)~ B,

This so called 8 function approximation is particularly
ugeful for relating an electron spectrum of constant spectral
index to the spectrum of radio emission. If the electron
ggectral index is echanging with energy or has a discontinuity
then the 8-function approximation is inadequate - particularly

for obtaining the low frequency part of the radio emission
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spectrun.
i

Consider the following examples, The electron spectrunm

is given by j(B)dE =——2=

- above some energy E; corresponding
to the characteristic”frequency Vaq© Below this energy the
electron spectrum is given by; (1) j(E)4E = Osand (2) j(E)4E =
const. In Figure 3 the relative radio emission as a function
of frequency calculated for these electron spectra using the
6~function approximation and also by actually carrying out
the required integration using the explicit values for the
function f£(a) as tabulated by Westfold (1959) are shown.
The large difference in the two calculations at low frequencies
is due mainly to the long low frequency tail on the function
F(a). Evenlfpr an electron spectrum which becomes zero below
somé energy Ey %he synchrotron emission spectrum falls off no
faster than (%{>% at low frequencies. 4nd for.a differential
electron SPecéium that becomes constant, the synchrotron
spectrum becomes almost flat at low fregquencies and shows a
gradual flattening becoming noticeable at ~2vc even though
the change in the electron spectrum is abrupt. (Compare with
discussion of Turtle, 1963).

In a plot such as Figure 3, the éhape of the emission
spectrumn from different regions should be similar as long
as we assume that the electron spectrum in these regions is

also similar, however, this curve will be displaced along

the log v axis by a constant amount depending on the ratio



-16-
of the field strengths in the two regions (and also by any
change in the absolute intensity of the electrons themselves).

Considerations regarding the actual distribution of field
strength and direction along a line of sight and deviations of
the electron distribution from isotropy may modify the above
arguments slightly. We do not believe that the added complig~
ation introduced by considering these effects is justified at

the present stage of analysis.

THE NON-THERMAL RADIO EMISSION PROFILES

Our objective in this section is to derive the local
interstellar volume emissivity of radio emission characterizing
a region ~ 0.5Kpc in diameter centered on the sun. This emissiv-
ity will then be relagted to the interstellar electron spectrum.
This approach differs from most of the previous approaches,
(e.g. Felton, 1966) wherein the electron measurements near the
earth are related directly to radio emission from the galactic
halo.

For the derivation of the local interstellar radio emission
it shall be convenient to consider two regions of the radio
frequency spectrum.

(1) PFrequencies 3 30 HMz where interstellar absorption
by free electrons (HII regions) is not important.

(2) Frequencies < 30 MHz and extending down to ~ 1 MHz
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where interstellar absorption effects are becoming pro-
gressively more important, particularly in the direction of

the galactic center.

Eventually at the lowest frequencies the optical depth
is ~1 at distances of less than 1 Kpc in some direction; and
indeed we are seeing only the synchrotron emission from
"local" electrons.

In both frequency ranges the radio emission as a function
of frequency will be derived in four directions: the galactic
center, the anti-center, the north polar region, and the dir-
ection of minimum radio brightness (R.A. ~ 10 hrs, & ~ 40°).
Then by a process of subtraction we shall derive the local radio
emissivity spectrun.

In the case of the spectra in the direction of the gal-
actic center and anti-center it is necessary to use surveys
with sufficiently narrow beam widths (e.g. ~10) to resolve
the galactic disk. In some instances we have utilized surveys
of medium resolution ( ~ 100) to substantiate the narrow beam
data when it is felt that they contribute a higher level of
absolute accuracy. For our purposes the anticenter is defined

as the region ¢" = & 20, " = 175o - 1850. And the center 4%

= + 20, ¥ = 350o - 10° - omitting the strong source Sgr A
located at the origin of the new galactic coordinate systen.

The narrow and medium resolution surveys are synthesized

to these specific regions using the most relevant
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harrow beam survey.

In the case of the spectra in the north polar region and
the direction of minimum radio brightness both medium
resolution and low resolution ({7300) studies have been used.
It should be pointed out that thé brightness in these
directions does depend to some extent on the resolution of
the instrument involved. (The better the resolution the
lower the brightness). We have attempted to adjust all
measurements in these directions to a common aperature of
~ 150 x>150 again using the most relevant higher resolution
survey.

Instances in which the published brightnesses have been
modified by more than 25% by'these adjustments are noted
individually.

The spectra above 10 MHz for the polar direction and
the direction of the minimum brightness are shown in Pigure
4. (The spectra below 10 MHz for the polar region will be
presented separately). The letters beside eaeﬁ point indie-
ate the authors reSponsible for each measurement. Measure-
nents of the tota} ﬁolar emission lean heévily on the most
recent work of the Cambridge group (e«g. Andrew, 1967, Purton,
1966 and Bridle, 1967) whiéh has ufdated»and extended the
earlier work of Turtle et. al. 1?63, aﬁd others. It should
be pointed out that the emissivify in the southern polar

region, as illustrated by the measurements of Yates and
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Wielebinski (1966) is identical to within 20% to that in the
northern polar region. The so0lid line in Figure L4 represents

a simple spectrum of the form.

16 v"‘0060

I(v) = 3.4 x 10 ergs/cmz-ster-seo~MHz

There is some evidence that the spectrum is becoming
flatter at the lower frequencies although it is difficult for
us to see how a spectral exponent much greater than 0.7 can be
taken at frequencies > 50 MHz. It should be noted that Anand
et. al. (1967), using much the same data,.h&ve’dféﬁn &
smoothly varying ecurve.through the.datas Their curve
which gives a spectral exponent ~ 0.4 at.theilowésﬁﬂﬁﬁequencies
is certainly an alternative fit to our data points. Individ-
ual authors have also tried to fit:their own data points and
arrived at essentially'the Same cor;clusion° For example,
Purton (1966), Andrew (1966), and Bridle (1967) all find that
an exponent ~ 0.4 is most suitable in the range 10-100 MHgz,
whereaslabOVe this frequency they support an exponent ~ 0.9.
Yates and Wielebinski (1966) find an exponent ~ 0.5 at 85
MHz éiowly'decreaaing to 0.3 at the low frequehey end of their
range. Above 85 Mc/s they favour an exponent ~0.6.

The emission in the direction of minimum brightness is
about 50% of that in the polar region. The Spectrum in

this direction is not as well defined but appears to be very
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similar to that in the polar direction.

From observations of the variation of brightness and
spectral index across the sky a number of observers have
attempted to dé¥bermine the percentage of the radio emission
that could be extra-galactic. It is assumed that this extra-
galactic emission is isotropic and has a different (steeper)
spectrgl index than that coming from the various regions of
the galaxy. The estimates of this extra-galactic component,
are shown in Figure 4. They seem to define a spectrum of
slope ~ 0.8 and of magnitude ~ 30% of the total polar emission
at ~ 10 MHz. If indeed the extra-galactic component has sueh
a steep spectrum and it extends to lower frequencies then it
ﬁay dominate the flattening total polar spectrum at fregquencies
of 1=-2 MHz. This interesting possibility has been discussed
in some detail by Smith (1966).

The situation in the galactic center and anti-center
directions is shown in Figure 5. At frequencies below ~ 38 MNHz
there is a lack of high resolution data for the anti-center
region. For this reason we have used medium and low resolution
measurements, synthesizing the emissivities found in these
lower resolution studies to the“étandard anti-center direction
using the high resolution measurements of Blythe (1957) at
38 Mﬁgk. These adjustments amount to multiplying the given
low resolution radio intensities by factors of from 1.1 to

1- 3-
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The dramatic decrease in the spectra below 20 MHz in
the center and anti-center directions due to absorption by
ionized hydrogen is clearly evident. Above about 30 MHz,
however, both spectra follow very closely the solid lines
which gre drawn for spectral indices =-0.6. The magnitude
of the anti~center emission is about twice that in the polar
direction whereas the enmission in the direction of the galactic
center is about 10 times that in the anti-center direction.
The characteristics of the spectrum above 10 MHz in the anti
center region ar; in fact not noticeably different than the
spectrum in the polar direction, a point which is in agreement
with the conclusions of Purton (1966), mndrew (1966), and Bridle
(1967). The index of -0.6 in the direction of the galactic

center is identical to that found by Komesaroff (1961).

THE LOCAL DISK EMISSIVITY

To derive from these measurements a value for the local
disc emissivity we must first consider a simple geometrical
picture for the galaectic disc and halo. This would ﬁe a
spherical halo of radius 15 Kpe, and a flat disc also of radius
15 Kpc and of semi-thickness O.4 Kpc. In this picture the
sun is gt a distance of 10 Kpo from fhe center - approximately
on the galactic equator (see Figure 7 a).

If the emissivity were uniform throughout the disc the

ratio of intensities in the center~anticenter direction would
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be 5:1. The observed ratio = 10:1 indicates that the average
emissivity must increase as one moves towards the center of the
galaxy. To examine this behavior more closely we have utilized
the results of six surveys of non-thermal radio emission with
sufficiently narrow beam widths to resolve the galactic disk.
For b" = O (galactic equator) the longitudinal variation of
the non-thermal component of radio emission is plotted in
Figure 6. The data are mormalized in the anti-center direction
using a v‘o‘6 dependence for the emission.

The galactic profile is very similar from each of these
studies and shows an increasing wealth of detail with increas-
ing resolution,(related éo spiral arm structure, eto). The

infensity profilg to be expected if the emissivity is uniform
throughout the disk is shown as curve A. The fact that the
observed intensity profiles follow this curve for all directions
~except within 500 of the galactic center indicates that the
emissivity must be almost independent of radius at distances
& 10 Kpc from the galactic center. This leads us to consid-

er a very simple picture for emissivity as a function of

distance out to 8 Kpc from the galactic center,

e (1) = ¢ (k.8 - 0.67)

r is in Kpc., es is the emissivity near the sun. Beyond 8 Kpc

the emissivity remains constant out to the boundary of the
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disk at 15 Kpc. The corresponding galactic disk intensity
profile is given by curve B in Figure 6. Approximately as

good a fit to the observed profile would be obtained if

e (r) = ¢ (-1.6 % )

(e.g. compare with Okuda and Tanaka, 1967)
the biggest difference being in the continued drop off in
emissivity beyond 10 Kps which is not evident in the ga%actic
disk intensity profiles. |

To obtain thelemissivity/unit volume in the disk near the
sun it is only necessary to divide the intensity of radio
emission in the anticenter direction by (4I)x5 Kpc., the
assumed distance over which th%s emission is coming. 'This
procedure neglects the extra-galactic component which is ~10%
of - the total emission in the anticenter direction. It also
neglects the fact that the emission is probably not uniformly
distributed over the 5 Kpc distance to the boundary but is
concentrated in the spiral arms. Since the sun is located in
(at the edge of the Orion arm) an arm, a consid;ration of this
non-uniformnity would tend to enhance the values for the local
enissivity.

If one were.to take the exponential decrease of emissivity
illustrated in Figure 7 the local emissivity would need to be
~1,L times greater.

In Figure 8 we show the local emissivity deduced from
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the model in which the emissivity is uniform beyond 8 Kpoc.

This local emissivity can be represented by a form

€ (u) = 5 x 10 v ergs/cmB—sec—cpS

above 20 MHz, flattening appreciably at lower frequencies.

Before comparing this directly with the electron spectrum
let us attempt, using the above spectrum for the local emissiv-
ity, to derive a characteristic emissivity spectrum for the
halo. Now as one looks out in the polar direction and the
direction of minimum non~thermal radio emission, contributions
will occur from radio emission in the disk and the halo as
well as the extra-galactic component. The spectrum from the
extra-galactic component has already been derived, and using
the above local emissivity and assuming a disk semi~thickness
of 400 pc (Baldwin, 1966) we can estimate that part of the
emission spectrum from the dis.. This turzs out to be = 20%
of the total polar emission = or comparable to the extra-
galactic component.

If the remaining emission is to be ascribed to a spheric-
al halo, then calling this remainder in the polar direction
the maximum halo, and in the direction of minimum radio
emission the minimum halo, we have the halo emissivities/unit
volume given in Figure 8. (Note that the recent estimate of

halo emissivity at 81 MHz by Felton (1966) lies almost on top
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of our maximum halo spectrum).

The characteristic halo emissivity is an order of magnitude
less than the local disk emissivity and if one takes the

ninimum halo emissivity then the halo is a very weak radio
emitter indeed and it becomes reasonable to ask whether

there is a halo at all. Of course more sophisticated models
of the halo and disk distributions can be taken (e.g. Mills,

1959) but it seems that the central problem concerns the

magnitude and uniformity of the disk component. If there is
considerable structure to the disk, in the form of loops and
spurs in addition to a more regular component of semi-thickness

~400 pc. then the minimum halo emissivity that we have derived
is probably'the most realistic one,

Turning now to a comparison of the previously derived
spectrum of local emissivity with that to be anticipated from
the interstellar electron spectrum, the situation is summar-
ized in Pigure 9. The manner in which this emissivity spec~-
trum varies with the magnetic field strength is given in
nomogran fashion in the Figure. The emissivities deduced from
the electron spectra are illustrated for an interstellar mag-
netic field B; = 8 uG, This magnetic field strength provides
an excellent f£it for fhe interstellar electron spectrum
obtained with a residual ﬁodulation parameter = 0.6 BV. Even the

low frequency flattening of the radio spectrum is reproduced as
a result of the flattening of the electron spectrum below 300 MeV.

"If the emissivity from the interstellar electron spectrunm
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derived using a residual modulation parameter of 1.0 BV, is
compared with that deduced from the radio measurements
a weaker magnetic field (~5uG) is required to produce an
approximate agreement. In this instance, however, the
emissivity obtained from the electron spectrum has a notably
steeper spectrum than that deduced from the radio measurements,.

If, in turn, the interstellar electron spectrum is
essentially that measured at the earth in 1966, then the local
interstellar magnetic field must be at least 18uG to even
approximately ;eproduoe the deduced radio emissivity. The
enissgivity obtained from this electron spectrum also has a
much flatter spectrum than any reasonable limitation on the
messured emissivity. .

An interstellar field of this magnitude seems much too
large in view of all of the other observational evidence
(Davies, 1965). This difficulty with the magnitude of the
interstellar field is enhanced when we recall that the
emissivity deduced from the radio meaéurements probably tends

to be slightly underestimated for the reasons discussed esarlier.
We therefore believe that this comparison suppor%s the idea of

a large modulation for electrons in the solar environment.
Indeed, the agreement between emissivities when an interstel-
lar electron spectrum obtained with a residual modulation
parameter of 0.6 BV is used gives strong support to the

argument that the energy dependence of the solar modulaticn
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is reasonably given by the form measured by Webber (1967).

A further observation concerns the comparison of the
emissivity to bg expected from the spectrum of secondary
electrons only and the emissivity deduced from the radio
measurements. The limits on the emissivityufrom the secondary
spectra calculated by Ramaty and Lingenfelter (1965) for
passage of cosmic ray nuclei through,,}g/cm2 and 6g/cm2 of
material are shown in Figure 9. If the radio emission from
these secondary electrons were tq exceed the measured emission
this would be suggestive that:ogevgf the arguments relating to
the comparison was incorrect (e.g. the interstellar magnetic
field > 8uG, or the path length for cosmic ra& nuclei <3g/cm2.

However the gsituation is such that the radio emission from
secondary electrons alone does not exceed the measured emission,
although it is becoming an increasingly greater fraction of it

as one goes to lower frequencies.

THE RADIO SPECTRUM BELOW 10 MHz AND THE

INTERSTELLAR ELECTRON SPECTRUM AT LOW ENERGIES

The interpretation of the gélactic radio spectrum below
10 MHz is treated separately from the high frequency part of
the spectrum for two reasons. First, the uncertainties in the
measgured radio emission are much larger at these freguencies -
particularly in the polar direction. Second, the effects of

absorption by ionized hydrogen in the disk of the galaxy
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become important at these frequencies and tend to influence
the interpretation of the results.

The experimental situation below 10 MHz in the center,
anticenter and polar diFections is summarized in Figure 10.
The intensity vs frequency profiles for the center and anti-
center directions are taken from Figure 5. The data below
10 MHz in these directions is almost’entirely due to Ellis
and co-workers at Hobart.

The situation in the polar directions is unfortunately
not decisive from the point of view of trying ﬁo determine a
radio spectrum. The obvious aiffergnces in the measurements
do not seen fo be elea%ly rélateq éo whether the measurements
are made from the ground; where ionospheric absorption could
play an important role, or from satellites where calibration
difficulties are encountered. For example, the polar inten-
sities measured from the ground by Parasarathy (1967) and by
Ellis (1965) differ by a factor of more than 2 at 5 and 10 MHz
and have quite a different slope at the lower frequencies.
‘There is some evidence from satellite observations, Hartz (1964),
that emission from the south polar regions is greater than from -
the north polar region at low frequencies. This might account
for some of the difference between the two ground based observ-

ations although it should be recalled that no difference

between south polar and north polar radio intensities
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is noticed above 10 MHz. The reader is referred to a more
thorough discussion of the possible north-south differenges
by Andrew (1966).

The situation regarding the agreement between the individ-
ual satellite measurements below 5 MHz is equally uncomfortable.
It is not our purpose here to attempt to resolve these differ-
ences but mainly to try and determine an applicable spectrunm
of radio emission in the polar direction. ‘To be realistic
suech a spectrum must encompass the shaded region in Figure 10,
and is well determined above 10 MHz by the data already present-
ed in Figure 4.

The polar spectrum that we shall adapt is a smooth curve
drawn through the center of the shaded region in PFigure 10.

This polar spe@truﬁ is now shown again in Figure 11 along with
the spectra in the directions of the galaetic center and anti-
center. It is obvious that the spectra in the center and anti-
center directions are turning over at low frequencies as a
result of absorption in intersteilar ionized‘hydrogen. The
same_effect may also be oceurring in the spectrum in the polar
direction but it is much less evident. In fact, as has been
emphasized earlier, this flattening could be direectly related
to the flattening of the low energy electron spectrum.

It is convenient at this point‘to introduce the concept
of a "projected" radio intensity or brightness. This intensity

is defined as that to be expected in a particular direction in
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the absence of absorption by ionized hydrogen. As a result it
is &ifectly related to true loogl emiésivity in that direction.
Two possibilities for the spectrﬁm of "projected" intensity
(emissivity) will be considered. For the firstvwe shall
utilize the fact that the spectra in both the center and anti-
center directions are ~ p =046 at higher fregquencies where

absorption effects are negligible and write for the "projected"

intensity

qk‘”) - <ﬁ5é50°6 I(vo)

where v, is a frequency where absorption effects are negligible.
"Projected®™ intensity spectra according to this relation are
shown in Figure’11, in the c¢enter and anti;center directions.
Komesaroff (1961) has introduced a similar concept toieXamine
the effécfsiof absorption in the direction df.thé'gaia¢tic~a
'oenfér, and hastuseﬁﬂan'identical speétral'in&éx for-the
."prﬁjédfed" intensity.

For the second pgssibility we shall assume that above
2 MHz absorption effe;ts in the polar direction are in fact
negligible and let the measured spectrum above this frequency
be the "projected" intensity spectrum as weil. In other¢w;rds
we shall make an important departure from earlier work and
allow the intrinsic emissivity spectrum itself to flatten at

low frequencies. The Jjustification for this is, of course,

the indication that the electron spectrum may also flatten
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at low energies. The corresponding "projected" spectra in
the center and anti-center directions are shown as curves 2a
and 2b in PFigure 11.

Let us now consider in some detail +the effects of
absorption by ionized hydrogen. The coefficient of inter-
stellar absorption by the free~free process in the radio

region is (Ginzburg, 1961)

-1k 2
K, . 138 =10 (Ne > g (v in MHz)
o 3/2 2

e

v

Ne being the electron density in cgs units and g a quantity
= [17.7 + Ln (2—53)] . For frequencies ~ 1 MHz and effective
temperaturesrbetween’105 and 1OA °K, g is ~ 18. The electron
temperaturé associated with the ionized hydrogen is usually

taken to be 104 °K so that
2

N
=19 e
_ 2.5 x 10 (—-5 )

i

K
v

The optical depth is

T = [ der
For the usual case where Kv is taken not to vary with distance
and integrating over a distance of 1 pc

N 2
e .
K,r = 0.75 ;5— L (L in pc)

T

i
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2
Defining a quantity called the emission measure = E = Ne L

T = 0.75 25 (on~®po)
v
For examining the effects of absorption we may consider
two simplified galactic models. In the first instance it is
assumed that all of the HII lies between the observer and the

non~thermal region. In this case

1(v) = ¥ @) exp (-0.75-%)
174

In Figure 12 we show the ratios of I(v)/ ¥(v) in the center
and anti-center direétions dedu?ed from the-measured values of
1(v) and for the two assumptions regarding the spectrum of
the "projected" emission ¥(v). The values for I(v)/ §(v)
expected on the basis of model I are also shown in the Figure,

- normalized at values of 7 = 1. Model 1 gives é very poor fit
to the data, predicting a much more rapid cut=-off of I(v) than
is asctually observede

Model I may be more reasonably applied to the data in the
polar direction if it is assumed that most of the emission in
this direetion comes from beyond the disko The erucial
guestion is: what is the spestrum 9(1}) in this direction? - If
it is taken to be a simple extension of the spectrum I(v)ﬂvmo"6
measnred at higher energies, T is comparatively large, being
~1.5 at 1 MHz, (e.g. Hoyle and Ellis 1963). The correspond-

ing emission measure is then
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~ 2cm_ pec¥ The implications of this emission measure in
the polar directions have been discussed by Ellis and Hamilton
(1966) who attribute it to absorption in interstellar ﬁIIand
by Lencheck (196L4) and by Alexander and Stone (1965) who have

attributed this absorption to the solar H region.

IT
The turn-over of the total polar spectrum at low

frequencies is totally unlike that to be expected on the

basis of Model I, ﬁowever. In fact down to ~2 MHz it follows

exactly the form to be eﬁpected if the spectrum of electrons

producing the emission is itself turning over. Only below

~ 2 MHz may the suggested fall off of the total polar spectrum

begin to indicate the effects of H absorption between the

II
emission and the source. If one assumes this flattened spec-
trum does in fact resemble g(v) as we have earlier, then
T cannot be greater than about 0.3 at 1 MHz. The corresponding
emission measure is ~ 0.k om-6pc ~ an order of magnitude less
than previously assumed!

In model II we shall consider that non-thermal emission

and absorption by interstellar H occur continuously along

II
the line of sight and that the ratio of these two quantities
and the quantities themselves are constant. This more closely

approximates conditions in the galactic @isk, although it is

* From a detailed study of low frequency brightness profiles

Ellis and Hamilton (1966) have derived an emission measure
= 80m~6pc, for b"= 60°,



-3l

still a very simplified pieture. We know from our earlier
discussion that e¢(v) is certainly a function of distance at
least within 10 Kpe of the galactic center. Further it might
be expected that regions of high absorption would be related
to the regions of high emission (e.g. Figure 2 of Smith, 1965)
although a strict constancy of the ratio of these quantities
should not be expected. At any rate under the simplified
assumptions of model II we have

I(v) :g(v)[:% (1 - exprv)]

v

Note that for 7 = K L >> 1, I(w)/ @) = w2,

The calculated ratios I(v)/ $(v) for 7 =600 at 1 MHz in
the direction of the galactic center and T = 4LO at 1 MHz in
the direction of the anti-center are shown in Figure 12.
These curves provide a much better fit to the data although
there is evidence that the real I(v) is decregsing somewhat
less rgpidly with frequency than éxpected on the basis of
ModelrIIo

The calgulated ratios correspond to emission measures

800 cm-epc and 53 cm-épc respectively*. If the analysis in

* Komesaroff (1961) has typically obtained values of T x 10 at
20 MHz corresponding to ~ 4000 at 1 MHz in the direction of
the galactic center - a factor of 10 larger than we obtajin.
However our results represent an average over a band & 2 on
either side of the galactic equ%tor. The wvalue obtained by
Komesaroff applies within 4 0.5 of the equator and he finds

a degreasé of an order of magnitude in the optical depth only
37« off the equator. The two results are in fact_in reason-
able accord as is the value of 165 cm~®pe for b = 5 obtained
by Ellis and Hamilton (1966). o
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these two directions is to be consistent the ratio of emission
measures should be approximately 10:1 (corresponding to the
feact that L, the total pathhlength is 5 times longer in the
direction of the galactic center and the average emissivity -
in this direction is a faector of two larger - that is to “
sdy simpLy the ratio Iv(centre)/lv(anti-center) at high
frequencies)., The ratio of ~15 obtained above is indeed
reasonable within the accuracy of the I(v)/ ¥ (v) curves
particularly since a close inspection of Figure 12 reveals
that the calculated curves may be adjusted to éive the expect-
ed ratio of 10 and still provide a reasonable fit to the
measured data. The important point to note here is that a
radial dependence of e(v), which surely exists, will not
affect the shape of the separate I(v)/ %) curves but will
only enter into the ratio of the emission meacures caleﬁ;ated
in the center and anti~center directions as long as the ratié
e(v)/K; remains constant. The only way the shépe of the
I(v)/ () curves themselves can be varied is to assume that
e (v )/Kv varies with distance. A comparison of the I(v)/ g(v)
curves calculated on the basis of Model II and fhose deduced
from the measurements reveals that e(v)/Kv nust vary in such
a way that e(v)/Kv becomes larger near the sun. That is %o
say radio emission fron electrons is relatively mcre‘import-w

ant than absorption effects from interstellar H in the

I1
loeal environment, as compared with the average along a line
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of sight in either the center or anti~center directions.
Obviously by choosing the proper variation of the ratio

of e(v)/Kv it is possible to reproduce either curves one or
two in Figure 12. As a result this comparison is unable to
provide a separate indication as to the actual form of € (v)
at low frequencies. To do this we must compare ¢ (v) with
the various possible interstellar eleetron spectra as will
be done in the following section.

This approach does emphasize, however, how importantly
our conclusions regarding the typical electron densities in
the HII regions depend on #he assumed shape of the "projected"
brightness spectrum at low frequencies. For example, the
values of emission measure in the center and anti-center
directions indicate an average electron density ~0.1O/cm3
in interstellar space near the sun. The emission measure of
2 em"6pe obtained earlier in the polar direction when taken
with this electron density gives a dise¢ semi~-thickness of
~ 200 pe, whereas if the smaller polar emission meagsure of
0.5 emuépo is teken the disc semi-thickness is effectively
only 40 pe (éhe absorption is assumed to be interstellar
rather than from a solar HII region). Fromffhe point of
view of radio emission the characteristic semi-thickness of the
disk ‘is usuaxly_tgken;tdwbe,~'300—&00~pc.'yConverselngtaking

this semi<thickness as the region in.Which'aﬁsorptienfpccurs



-37-
gives electron densities of 0005/cm3 and 0.01/cm3 respectively
for the two values of emission measure. These two viewpoints
can be interpreted in terms of a paucity of absorption

re;gtive to emission and may reflect the point we have

deduced already from the I(v)/¢(v) curves, namely that the

sun is in a region of relatively low radio absorption.

Let us now see what a comparison of the interstellar
electron spectrum with the low frequency radio emissivity
telis us. The low frequency radio emissivity is obtained in
exactly the same mgnner as before and using the same dependence
of e(v) on r as at higher frequencies except we now have the
possibility of using two curves for the "projected" intensity
g(v) which is used in calculating e(v). These are the
curves (1) and (2) in Figure 11. The corre3ponding low
frequency emissivity profiles are shown in Figure 13, and are
simply an extension of the profile presented in Figure 9.

The expected emissivity for various interstellar electron
spectra is also shown in Figure 13 again for a local magnetic
field of 8uG. The manner in which this emiséivity scales
with B;, and the corresponding electron energies are also
shown in the PFigure. It is seen that the expected emissiv-
ity from the low energy electron spectrum measured near the
earth in 1966 is almost an order of magnitude less than
actually deduced. In order to provide sufficient emissivity
from such a low intensity of electrons the local magnetic

field is required to exceed 20uG. Since a fielq as large
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as this is highly unlikely solar modulation effects must be
depressing the low energy electron spectrum near the earth.
Emissivities based on interstellar electron spectra obtained
usiné demodulation constants = 0.6 and 1.0 BV are in much
better accord with the deduced emissivities. The bestw
agreement is obtained for K = 0.75 BV, and B, = 6g§. If

R
K, = 0.6 BV then B, must be ~ 9uG whereas if K, = 1.0 BV

R R

then B, ~ LuG.
The correspohdence between the shapes of the emissivity

spectra at low frequencies sets very severe restraints on the

characteristics of the electron modulation at low energies.
Using the energy dependence of the modulation given by Webber

(1967) the emission from the interstellar electron spectrun
almost exactly reproduces the emission profile based on a
"projected" intensity profile that flattens at low frequencies.
This does not prove that such a profile is correct and the
"projected® intensity profile based on an extension of the
v~0°6 spectrum measured at higher frequencies will also be
suitable - provided we assume a different electron modﬁla%ion
at lower energies. The limits on the interstellar electron
spéctrum are rather clearly defined by the above comparison,
however.

The question of the radio emission at these low frequen-

cies from the secondary electrons isg also relevant. As is
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evidenced in Figure 2 as well as Figure 14, if the calcul-
ations of the secondary electrqn intensity are correct, then
most of the observed low eneré& electrons must be of

secondary origin if the cosmic ray nuclei have passed through

2 Bg/cm2 of matter. The deduced emissivity at low frequencies

sets a very positive upper limit of <6g/cm2 of material if

all of the low energy electrons are secondaries.

THE INTERSTELLAR PROTON SPECTRUM

Utilizing the residual modulation constant of 0.75 BV

P

derived from the electron data we may attempt to determine the
inﬁerstellar proton spectrunm. A; noted earlier, the rigidity
erendence of the proton modulation has been more completely
measured (above 50 MeV = 0.3 BV rigidity) than for electrons,
however, there is no direct method available to estimate the
residual solar modulation of these particles from the data on
protons alone = hence the huge differences in the estimates of
the unmodulated (interstellar) proton spectrum. A summary

of various estimates is given in Figure 14. Here the sunspot,
minimum spectrum is taken from the work of Gloeckler and
Jokipii (1967). GCurves 1,2,3 and 4 represent various estimates
of the interstellar proton spectrum by Hayakawa (1964),
Balasubrahmanyan et. al. (1967), Gloeckler and Jokipii (1967)
and Durgaprasad, Fichtel and Guss (1967) respectively.

Estimates 1 and 2 are based principally on the requirement
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that the rate of energy loss by ionization of these cosmic‘
ray protons isVsqffgqégntvto\maintain thg ggéﬁing;of inter-
stellar H clouds (see Balééubrahmanjan et. al. for a dis-
cussion of this problem). However, these spectra contain an
energy density of cosmiec rays ~ 5-10ev/cm3‘as compared with

an energy density ~ 0.5ev/cm3 for the sunspot minimum,spe¢trum,
near.-the earth. vThislintefsﬁelléf'eﬁergy density is . equivalent
to that contained in a magﬁetic field ~ 20uG and accordiﬁg
to Parker (1966) an energy density > Zev/QmB for cosmic rays
leads to difficulties in holding together the combined mag-
netic field - gosmic ray system in the spiral arms by gravity.

The curve 3 is actually obtained using a residual modul-
ation constant KR = 0.9 BV and gives ahmare‘rgaSbnable cosmic
ray energy density -~ 1ev/cm3 in interstellér sPac;. This
spectrum is also sufficient to produce the required heating
of interstellar HI clouds, according to Balasubrahmanyan et.
al. (1967).

Our estimate differs from that of Gloeckler and Jokipii
(1967) (eurve 3) in that; (1) we have used a slightly smaller
demodulation constant as suggested by the data on electrons
and (2) we have used a modulation ~149 at low energies as
indicated by the work of Ormes and Webber (1968) instead of
a steeper function more like 1/;BP used by Gloeckler and
Jokipii (1967). |

Below 20 MeV no reliasble measurements are available
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on the proton modulation and there is very little data on

the proton spectrum itself. Fan et. al. (1965) give sone

evidence that the proton spectrum near the earth begins to
turn up at energies <20 MeV - as represented by the dashed
curve in Figure 1lk. Itlis not clear whether these protons

4

are of solar origin or are merely a continuagtion of the
higher energy part of the spectrum reaching us from the
galaxy. ©Suppose we take the latter point of view and

1/,

suppose also we assume that the B dependence of the
modulation measured by Ormes and Webber (1968) for protons
at intermediate energies extends to lower energies. This
latter assumption is supported by the previously discussed
measuremnents of a 148 dependence for the electron modulation
at equivalent rigidities (Webber 1967). The low“energy
interstellar proton Fpectrum obtained by the resulting solar
demodulation is shown as the upper dashed curve in Figure 1k,
This sﬁeotrum supplies a comparable amouﬁt;ofjhe;ting to

interstellar H, regions as do spectra 1, 2 and 3, albeit

I
from lower energy protons'losing eneréy by ionigation at a
greater,raté. |

The demodulation effectively Q?ansforms a proton spectrum
~% near the ‘earth to an interstellar spectrum ~3%3 ,one that is
very simi;arato that. actually observed for solar cosmic. rays near

the earth. . It is therefore tempting  to ask, could such a-low ener-

gy component of interstellar cosmic. rays be produced by solar type
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stars in the galaxy? The answer, based on order of magnitude
estimgtes of number of particles emitted and the energy spectra
involved is yes. Consider the sun. Estimates of the number of
particles emitted during solar cosmic ray events can be made on

a number of grounds (g.g. Webber, 1963) and lead to an‘dverage

30_, 31

rate of emission ~ 10 particles/sec. above a few MeV
§

averaged over the lafht ten years. Now it is not'clear what

fraction of these actually escape into interstellar space,

however we may suppose that it is comparable to the number

emitted. If the figure of 1011main sequence stars similar

to the sun is taken for our galaxy we have a total emission

of low energy cosmic rays of ~ 1041-10l'"2_/sec from such

sources. The lifetime of these cosmic rays is short,

~ 3 x 1013 sec for n, ~ 1/cm3, as they rapidly lose energy

H
by ionization loss. The total number in the galaxy at any

5k 55

one time is thus ~ 3 x 10 - 3 x 10 particles. Presumably

these particles will not travel far from their source of
origin, but will diffuse mainly in the disk of the galaxy.
66 _,,67

The volume in which they reside is thus ~10 cms—
depending how closely they are confined to the spiral arms
themselves. The density p that could be supplied by solar
type stars thus works out to be ~ 3 x 10-11 -3 x 10-13
partioles/cmB{ The density required by the spectrum in

Figure 14 is ~3 x 10-11 particles/cmB above 5 MeV.
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The near equality of these numbers suggests the plaus-
ibility of such a source for providing a prominent galactic

spectrum of low energy particles.
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Figure 1

Figure 2

Figure 3

=50-.
FIGURE CAPTIONS

The extra-terrestrial electron spectrum in 1966.
The measurements of Beedle and Webber (1967) and
Webber (1968) are shown as diamonds, that of
Jokifii,L’Heureux and Meyer (1967) as a bar between
15 and 240 MeV, L'Heureux (1967) as open circles

and Cline et. al. (1964) as crosses.

The extra-terrestrial electron spectrum in 1966.
Additional measurements of Bleeker et. al. (1967)
are shqwn_as‘tpg,(smoothed) beaded line, and
Daniel and Sﬁeph;ns (1966) as a rectangle. The
expected flux of secondary electrons arising fronm

nueclear interactions of cosmic ray nuclei in the

galaxy is shown as the shaded area for passage of

these nueclei through limits of 3 and 6g/cm2 of

hydrogen. The interstellar electron spectra

i

obtained using solar demodulation constants = 0.6

and 1.0 BV are shown as dashed lines.

Radioc synehrotron spectra as a function of an<v/vc>,

obtained for an electron spectrum given by

J(E)aE = Xe for E>E, = v

o oy .

. and (1) j(B)aE = 0,E<E,

E2,2

(2) i(E)4E = sonst., E<E, « = (%_)
B . o c



Figure 4

FPigure 5

Figure 6
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Radio brightness spectra in the direction of
the north galactic pole and the direction of
minimum brightness. The extra-galactiec component

deduced by a number of observers is also shown.

Radio brightness spectra in the direction of
the galactic center and anti-center (as defined
in the text). The total polar spectrum is shown

as a reference.

Polar diagram of radio emission measured along
the galactic plane with high resolution surveys.
Data at 6 frequencies are shown - normalized in

the anti-center direction. 38 MHz, Blythe (1957)

9-0-8-0; 85 MHz, Hill et. al. (1958) e-e-e :

178 MHz, Turtle and Baldwin (1962) ooooocoo0;

4.0k MHz, Pauliny Toth and Shakeshaft (1962) ==-==;
610 MHz, Moran (1964) ©00000; 1440 MKz, Mathewson
et. al. (1962) xxxxx. Curve A represents the
polar diagram to be expected if the radio emissiv-
ity is uniform throughout the disk. Curve B is
obtained for the radial profile of emissivity

given in Figure 7b.



Figure 7a

Figure 7D

Figure 8

Figure 9

Schematic representation of galactic disk

and halo.

Radial dependence of emissivity in the galactic

disk required to produce profile B in Figure 6.

Local spectrum of radio. emissivity from the .

galactic halo. The maximum and minimum allowable
emissivity for a uniform halo are also shown as

is the halo emissivity at 81 MHz deduced by

- Felton (1966).

Comparison of the local disk emissivity, shown

as seeep, with the emiséivity to be expéoted from
secondary electrons and;(1) electron spectrum
measured at earth in 1966; (2) interstellar
electron spectrum obtained ﬁith residual modul-
ation paraﬁéter = 0.6 BV; (3) same with resid-
ual modulation parameter = 1.0 BV. The manner

in which curves; (1), (2) and (3) must be dis-
placed for different galactic disk magnetie

field strengths is shown as are the eéuivalent

electron energies.



Figure 10

Figure 11

Figure 12

b B

Measufements of radio brightness below 10 MHz
in the direction of the galactic north pole.
The total brightness in the center and anti-

center directions is alsoc shown.

A comparison of radig brightness at low frequen-
cies in the polar, anti-center and center dir-
ections. . Curves 1a and 1b represent the"project-
ed®brightness in the centér and anti-center
directions under the circumstances of no absorp-
tion by ionized hydrogen and a volume emissivity
e(v)~v-o°6, Curves 2a and 2b are the same except

that the volume emissivities are taken to have

the same spectrum as the total polar brightness.

Ratio of measured brightness to "projected bright-
ness as a function of frequency. Curves 1a and

b and 2a and b have the same meaning as in

Figure 11. Dotted curves are the ratios to be
expected if model I for absorption and emission

applies. Dot~dash curves apply to model II.



Figure 13

Figure 14
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Comparison of local disk emissivity deduced at
low frequencies (dotted curves) with the emissiv-
ity to be expected from;(1) electron spectrum
measured at earth in 1966; (2) interstellar
electron spectrum obtained with a residual
modulation parameter = 0.6 BV; (3) same with
residual modulation parameter = 1.0 BV. The
manner in which curves (1), (2) and (3) must

Be displaeced for different galactic disk magnetic
field strengths is also $£own°

The range of expected emission from secondary

electrons is shown as the shaded area.

Interstellar cosmic ray proton spectrum obtained
using residual modulation parameter = 0.75 BV.
The spectrum taken by Hayakawa (1963) is shown
as (1); that used by Balasubrahmanyon et. al.
(1967) as (2); Gloeckler and Jokipii (1967)

as (3); and Durgaprasad et. al. (1967) as (4).



ELECTRONS / M:STER-SEC-MeV

100

T T T T Y T T T T T™TT]
i ++ :
i ‘I’% B
10} -
- } i
B ﬁ
1 . —
F '0;0 oo, :
01 - ¢ (Y ]
i &4 ]
L ’i
- ‘ =1
i *‘r*; ]
0.001 n ]
=3 <:” N > —
0.0001 — -
I ]
RS TN B O O | i1l ) Laal Loaal 1 Lo
10 100 1000 10.000 100.000

ELECTRON ENERGY (MeV)

FIGURE 1



ELECTRONS / M*STER-SEC-MeV

10

C T T LA I A | T ¥ LN A T T N S e
[ty Z
L\ _
10~ *S% PRIMARY i
i ] ELECTRONS 1
i - == Kq*10 1
1= \ -]
s - = XK~ 406 4
I l \\ \\ -4

RS
- ' “\ \ 7
A\ A\
G N :
o \ ‘R J
\ \, \
L \ . ]
\ \
i \ \ ]
A
001 ~ \ Q j
t~ \\ -
i <R _
0.001+ . —
- A :
: A -
~ \, j
A
\
0.0001 - \ __:
| \ J
AY

1 1 . X l 1 1.1 l A i A1 l i i i 5 l 1 L 1§41

10 100 1000 10.000 100,000

ELECTRON ENERGY (MeV)

FIGURE 2
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